. Dicer function is required in the metanephric mesenchyme for early kidney development.
Dicer; microRNA; kidney development THE ADULT MAMMALIAN kidney, the metanephros, is essential not only for its excretory functions but also for its regulatory role in fluid homeostasis and hormone synthesis (reviewed in Ref. 30) . In mice, the metanephric kidney begins to develop at embryonic day 10.5 (E10.5) with the outgrowth of the ureteric bud from the Wolffian duct into the metanephric mesenchyme (reviewed in Ref. 24 ). These two tissues undergo reciprocal inductive events, such that the ureteric bud receives signals from the metanephric mesenchyme to undergo repetitive rounds of branching to give rise to the renal collecting system. In concert, the metanephric mesenchyme establishes two cell fates in response to signals from the ureteric bud: renal stromal cells and a condensed cap of mesenchymal cells, the nephron progenitors, which give rise to the multiple cell types of the nephron. Nephron progenitors express several transcription factors, including sine oculis homeobox homolog 2 (Six2), Sal-like 1 (Drosophila) protein (Sall1), CREB-binding protein/ p300-interacting transactivator with Asp/Glu-rich C-terminal domain 1 (Cited1), paired box gene 2 (Pax2), and Wilms tumor-suppressor gene 1 (WT1) (5, 22, 27, 31, 32, 37) . These transcription factors are required for the proliferation and survival of nephron progenitors and for subsequent differentiation of the progenitors, beginning with a mesenchymal-toepithelial transition to form early developing nephrons (the renal vesicle) that express the neural cell adhesion molecule (NCAM) (18) . Thus changes in the balance between cell survival and differentiation can result in renal hypoplasia or early renal agenesis in kidney development (21, 39) .
To date, much of the emerging information regarding the molecular mechanisms that regulate kidney development has been focused on the function of specific genes. An additional layer of complexity exists, where small noncoding microRNAs (miRNAs) regulate the flow of genetic information via controlling the translation and/or stability of their target mRNAs (reviewed in Ref. 1) . Within the developing kidney, Ͼ170 miRNA families were recently identified by small RNA deep sequencing (36) . The first functional studies for miRNAs in the developing kidney have used a conditional approach to knock down Dicer activity, which is required for the production of mature miRNAs, in specific cell lineages. These studies revealed that miRNAs have crucial roles in nephron progenitors, the ureteric epithelium, podocytes, and juxtaglomerular cells (13-15, 26, 33, 34) .
We have previously demonstrated that miRNA loss in Six2-expressing nephron progenitors, and their derivatives, results in premature depletion of this population at midgestation due to increased apoptosis (15) . This was associated with increased expression of the proapoptotic protein Bim, a known target of several miRNAs present in the developing kidney (15, 20, 29, 36, 38, 40) . Bim is thought to interact with the prosurvival protein Bcl-2 to regulate cell survival, and the gene dosage of Bim appears critical, since loss of a single Bim allele is sufficient to rescue cystic kidneys observed in Bcl2-deficient mice (2) . Together, these data suggested a model in which miRNA-mediated regulation of Bim expression modulates nephron progenitor survival. Interestingly, the nephron progenitor population is preserved until midgestation in these embryos, raising the question of whether miRNAs play a role in the early inductive events of kidney organogenesis.
To ask this, we conditionally ablated Dicer in the early metanephric mesenchyme using a Pax3Cre
Tg allele (9, 11, 12) .
This resulted in severe renal dysgenesis with marked apoptosis and increased expression of Bim in the metanephric mesenchyme by E11.5. Nephron progenitors are initially correctly specified and normal ureteric bud outgrowth occurs; however, subsequent ureteric branching and nephron differentiation do not occur. Taken together, our data suggest that miRNAmediated regulation of Bim activity and, hence nephron progenitor survival, is essential for normal kidney development.
MATERIALS AND METHODS
Mouse strains. The Pax3Cre transgene (Pax3Cre   Tg   ) directs Cremediated excision in the metanephric mesenchyme of the developing kidney (9, 11, 23) (from Dr. Jonathan Epstein, University of Pennsylvania, Philadelphia, PA). These mice were crossed with a conditionally floxed Dicer allele, which is required for the production of mature miRNAs, to generate Pax3Cre Tg ; Dicer flx/flx embryos (12) (from Dr. Clifford Tabin, Harvard Medical School, Boston, MA). Timed matings were performed, and the day on which plugs were observed was considered E0.5. Embryonic tissue was genotyped by PCR with the following primers as described previously: 1) Pax3Cre
Tg allele, forward primer 5=-AATCTTATGGTCACCTGAGTGTTAAATGTCCAATTTAC-3= and reverse primer 5=-CATCTTCAGGTTCTGCGGG-3=, yielding a 230-bp band indicating the presence of Cre recombinase; and 2) Dicer flx allele, forward primer 5=-CCTGACAGTGACGGTCCAAAG-3= and reverse primer 5=-CATGACTCTTCAACTCAAACT-3=, yielding a 350-bp wild-type band and a 400-bp Dicer flx band (11, 12 Tg ; Dicer flx/flx embryos were fixed in 4% paraformaldehyde overnight, embedded in paraffin, sectioned at 7-9 m, and stained with hematoxylin and eosin at E11.5 and E12.5. For immunohistochemical staining, after deparaffinization, rehydration, and permeabilization in KPBS-BT (phosphate-buffered saline with potassium chloride 200 mg/l, supplemented with 0.25% bovine serum albumin and 0.1% Triton X-100), antigen retrieval was performed using sodium citrate (10 mM, pH 6.0) buffer. Sections were then blocked in 5% bovine serum albumin before incubation overnight with the primary antibody. The next day, sections were washed with KPBS-BT, incubated with secondary antibodies, and washed before visualization with a Leica DM2500 microscope and photographed with a Qimaging QICAM Fast 1394 camera. The primary antibodies used were as follows: rabbit anti-Six2 antibody embryos were collected at E11.5 from three separate litters. E11.5 kidneys were snap frozen, and the embryos were genotyped as outlined above. RNA was extracted from the kidneys of one mutant and one littermate control per litter using a Qiagen MicroRNeasy kit (Qiagen, Valencia, CA). The RNA was then quantitated using a Nanodrop, and cDNA was synthesized from 100 ng of RNA using an Invitrogen SuperScript First Strand Synthesis kit, as per the manufacturer's directions (Invitrogen, Grand Island, NY). A no reversetranscriptase reaction was performed as a negative control. Quantitative real-time PCR (qPCR) was then conducted using SsoAdvanced SYBR Green Supermix (Bio-Rad, Hercules, CA) for Bim and Bcl2 (see Table 1 for primers) with a Techne TC-412 thermal cycler (Bibby Scientific US, Burlington, NJ). Each sample was standardized against the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase, and the fold-change between controls and mutants was calculated by comparing the ⌬CT in mutants to controls. A two-tailed Student's t-test was used to determine statistical significance. qPCR for miRNA expression was performed using total RNA extracted from control and Pax3Cre Tg ; Dicer flx/flx E11.5 kidneys from three separate litters using a Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA). Taqman miRNA assays (Life Technologies, Grand Island, NY) were conducted to determine relative expression levels of mmumiR-17-5p (miRBase ID mmu-miR-17-5p) and mmu-miR-10a (miRBase ID mmu-miR-10a), per the manufacturer's instructions. Expression levels were normalized to that of the endogenous control, snoRNA-234, using the cycle threshold value (C t). The two-tailed Student's t-test was used to determine statistical significance.
Locked nucleic acid in situ hybridization. Locked nucleic acid (LNA) in situ hybridization was conducted on 10-m cryosections of E11.5 embryos using an LNA probe (Exiqon) complementary to the miR-17-5p and miR-10a mature miRNA sequence, as previously described (15) . The LNA probe was digoxigenin (DIG) labeled using an oligonucleotide tailing kit (Roche, Indianapolis, IN). In brief, sections were dried at room temperature for 1 h and fixed in 4% PFA for 10 min. After three 3-min washes in diethylpyrocarbonate (DEPC)-treated PBS, sections were allowed to permeabilize in 15 g/ml proteinase K for 2 min, washed three times in DEPC-PBS, fixed again in 4% PFA for 5 min, washed three times for 3 min, and acetylated for 10 min in a glass histology jar (200 ml H 2O, 2.66 ml triethanolamine, 0.35 ml 37% HCl, and 0.75 ml acetic anhydride http://ajprenal.physiology.org/ added dropwise). Slides were subsequently washed again in PBS for 3 ϫ 5 min and prehybridized at 42°C for 2 h in hybridization buffer (50% formamide, 5ϫ SSC, 1% SDS, 50 g/ml yeast tRNA, and 50 g/ml heparin). Hybridization was subsequently carried out at 40°C overnight with 0.5 M probe concentration. Slides were washed twice for 30 min in 2ϫ SSC at 40°C. Slides were then placed in 1% Roche blocking reagent, 1% heat-inactivated sheep serum (HISS) in NTT (0.15 M sodium chloride, 0.1 M Tris, pH 7.5, 0.1% Tween) for 1 h for blocking. This was followed by 1:1,000 anti-DIG antibody in 1% Roche blocking reagent, 1% HISS in NTT overnight at 4°C. After three 30-min washes with NTT, three 5-min washes were performed with staining buffer (0.1 M Tris, pH 9.5, 0.05 M MgCl 2, 0.1 M NaCl, and 0.2% Tween 20) , and the color reaction was developed with BM Purple (Roche) over 3 days.
RESULTS

Removal of Dicer activity in early metanephric mesenchyme results in severe renal dysgenesis.
To demonstrate a requirement for miRNAs in the early metanephric mesenchyme, we conditionally ablated Dicer in the metanephric mesenchyme using a floxed Dicer allele (12) and a Pax3Cre
Tg allele (9, 11, 23) . Mice from the Pax3Cre
Tg and Dicer flx/flx transgenic mouse lines have no reported renal anomalies and are viable and fertile with no reported or observed anomalies in our laboratory (9, 11, 12, 23) . Excision of the floxed Dicer allele by the Pax3Cre
Tg allele would be expected to result in loss of miRNAs in the early metanephric mesenchyme of the developing kidney. To verify this, LNA in situ hybridization was performed on E11.5 kidneys from control and mutant (Pax3Cre Tg ; Dicer flx/flx ) embryos (Figure 1, A-D) . In control E11.5 kidneys, both mmu-miR-10a and mmu-miR-17-5p are expressed in the ureteric bud and condensing metanephric mesenchyme (Fig. 1, A and C) . As expected, there is a loss of mmumiR-10a and mmu-miR-17-5p expression in the metanephric mesenchyme, but not the ureteric bud in Pax3Cre
Tg ; Dicer flx/flx embryos ( Fig. 1, B and D) . In keeping with this finding, qPCR for mmu-miR-10a and mmu-miR-17-5p demonstrated a signif- icant decrease in expression for both miRNAs in mutant kidneys (P Ͻ 0.05) (Fig. 1E) . Histological analysis of the Pax3Cre Tg ; Dicer flx/flx embryos demonstrates that kidney development begins normally with the outgrowth of the ureteric bud from the Wolffian duct and the presence of the metanephric mesenchyme around the ureteric bud at E11.5 (Fig. 2, A-D) . However, mutants have poorly condensed metanephric mesenchyme, with pyknotic-appearing cells that are most prominent at the periphery compared with controls (ϭ Dicer flx/ϩ or Dicer flx/flx ) (Fig. 2D) . By E12.5, the mutant metanephros is markedly abnormal, with failure of the ureteric bud to branch and increasing numbers of pyknotic metanephric mesenchymal cells relative to controls (Fig. 2, E-H) . The mutant metanephros undergoes essentially complete regression by E14.5, with no identifiable renal structures (Fig. 2I) . In general, the failure of the metanephric mesenchyme to appropriately condense and grow could be due to several possible mechanisms: 1) impaired ability to be normally specified into nephron progenitors; 2) decreased proliferation of the metanephric mesenchyme (and thus an inability to self-renew during kidney development); and 3) decreased survival (increased apoptosis) of the metanephric mesenchyme. These possibilities are addressed in the following experiments.
Normal initial specification of nephron progenitors occurs in Pax3Cre
Tg ; Dicer flx/flx kidneys. To determine whether the ureteric bud and metanephric mesenchyme are normally specified in Pax3Cre
Tg ; Dicer flx/flx metanephroi, immunofluorescence was performed for several markers of these cell lineages at E11.5 (Fig. 3) . As in controls, the mutant metanephric mesenchyme expresses several transcription factors found in nephron progenitors, including Six2, Sall1, Wt1, and Pax2, as well as NCAM (Fig. 3, A and B , E-L) (18) . However, unlike controls, there is an almost complete abolishment of Cited1 in the mutant metanephric mesenchyme (Fig. 3, M and N) . In contrast, markers found in the ureteric bud, including Cited1, Pax2, and calbindin, are normally expressed in mutants at E11.5 (Fig. 3, K-P) . These data are consistent with the normal initial specification of nephron progenitors in the absence of miRNAs in the early metanephric mesenchyme, although the progenitors themselves may not be completely functionally normal (given the decrease in Cited1 expression).
At E12.5, there is an ongoing decrease in Cited1 expression in Pax3Cre
Tg ; Dicer flx/flx kidneys (Fig. 4, M and N) . In contrast, there is still persistent expression of many nephron progenitor markers, including Six2, Sall1, NCAM, WT1, and Pax2; however, there are far fewer nephron progenitors present in Pax3Cre
Tg ; Dicer flx/flx kidneys than in littermate controls (Fig.  4, A and B, E-N) . In addition, there is no evidence of early developing nephrons in E12.5 Pax3Cre
Tg ; Dicer flx/flx kidneys, with no NCAM-positive renal vesicles compared with controls (Fig. 4, G and H) . Finally, Pax2 and calbindin staining reveals a failure of ureteric bud branching in E12.5 mutant kidneys compared with controls (Fig. 4, K and L, O and P) . Together, these results suggest that there is an ongoing loss of nephron progenitors, a failure of progenitors to differentiate normally, and a lack of ureteric bud branching, resulting in a lack of nephron formation in Pax3Cre
Tg ; Dicer flx/flx kidneys by E12.5. Dicer ablation in the metanephric mesenchyme results in increased apoptosis and Bim expression. Given that mutant metanephric mesenchymal cells become largely pyknotic, TUNEL staining was performed to determine whether this indicated excessive apoptosis. TUNEL staining reveals markedly elevated apoptosis in the E11.5 and E12.5 Pax3Cre
Tg ; Dicer flx/flx metanephric mesenchyme compared with low levels in controls (Fig. 5, A-H) . In contrast, staining for the mitotic marker PH3 demonstrates no gross differences in proliferation between control and mutant kidneys at these time points (data not shown). (Fig. 6, E-H) . Furthermore, real-time PCR confirms that Bim transcripts are significantly elevated compared with controls (2.67-fold higher, P Ͻ 0.05) at E11.5 (Fig. 6I) . In contrast, immunostaining and real-time PCR for Bcl2 is unchanged in mutants vs. controls (Fig. 6, A-D) . Thus the loss of miRNAs in the early metanephric mesenchyme leads to excessive apoptosis that is associated with increased Bim expression.
DISCUSSION
Our previous work demonstrated that loss of miRNAs in nephron progenitors resulted in premature depletion of progenitors due to increased apoptosis (15) . Interestingly, the nephron progenitor population remained preserved until midgestation, raising the question of whether miRNAs play a role in early renal development. In this study, we demonstrate that conditional ablation of Dicer in the early metanephric mesenchyme with a Pax3cre transgenic line results in severe renal dysgenesis, despite normal ureteric bud outgrowth and initial specification of the metanephric mesenchyme to form nephron progenitors. Several transcription factors known to be critical in nephron progenitors are expressed normally, including Six2, Pax2, Sall1, and Wt1. However, there is premature loss of the transcription factor Cited1, marked apoptosis, and increased expression of the proapoptotic protein Bim shortly after the early inductive events in early kidney development. Subsequently, there is a failure in ureteric bud branching and nephron progenitor differentiation. Taken together, our data demonstrate a previously undetermined requirement for miRNAs in the early metanephric mesenchyme and indicate a crucial role for miRNAs in regulating the survival of this lineage. The preserved expression of Pax2, Wt1, Sall1, and Six2 supports the notion that most of the earliest inductive events in mammalian kidney development occur normally in Pax3Cre
Tg ; Dicer flx/flx mutant kidneys. Pax2 is required for the normal specification of the intermediate mesoderm, from which the metanephric mesenchyme is derived, and Pax2 mutant mice lack kidneys, ureters, and genital tracts (37) . Wt1 is expressed broadly in the early metanephric mesenchyme and functions to promote the survival of the metanephric mesenchyme (22) . Unlike in the Pax3Cre
Tg ; Dicer flx/flx mutants, the global loss of Wt1 results in failure of ureteric bud outgrowth, earlier apoptosis in the metanephric mesenchyme, and renal agenesis (22) . In contrast, Sall1 is required for complete ureteric bud invasion and metanephric mesenchyme induction, and loss of Sall1 results in a phenotype reminiscent of that seen with the Pax3Cre Tg ; Dicer flx/flx mutants (27) . Thus the loss of miRNAs in the early mesenchyme does not impair the initial specification of the metanephric mesenchyme or induction of ureteric bud outgrowth from the Wolffian duct.
The transcription factors Six2 and Cited1 mark a population of nephron-committed, self-renewing, multipotent population of progenitors derived from the metanephric mesenchyme during kidney development (4, 19) . While the loss of Cited1 results in no overt renal defects, the removal of Six2 activity results in premature differentiation of nephron progenitors and early cessation of nephrogenesis due to a depletion of nephron progenitors (5, 32) . Cited1 has previously been reported to be expressed at low levels in the early metanephric mesenchyme and ureteric bud stalk at E10.5 and subsequently becomes more robustly expressed in nephron progenitors at E12.5 (5) . Recent evidence suggests that Cited1 marks a subpopulation of more "undifferentiated" Six2-positive cells, excluding mesenchymal Six2-positive cells that have already been induced to undergo a mesenchymal-to-epithelial transition (25) . Furthermore, other studies support the concept of a heterogeneous nephron progenitor population, with subpopulations of cells that are self-renewing and others that are committed to differentiation into nephrons (7, 17) . Cited1 is thought to function via repression of Wnt/␤-catenin signaling and activation of Smad4-dependent transcription in nephron progenitors (28) . Taken together, the decreased Cited1 expression and lack of developing nephrons in Pax3Cre
Tg ; Dicer flx/flx mutant kidneys may therefore reflect an early defect in nephron progenitors, subsequent to specification and before differentiation into renal vesicles. animals. Given that both the Six2-TGC and Pax3Cre Tg alleles have been reported to direct Cre excision as early as E11.5 in the developing kidney, the earlier and more severe phenotype in Pax3Cre
Tg ; Dicer flx/flx embryos likely reflects miRNA loss from both renal stroma and nephron progenitors, as driven by the Pax3Cre
Tg transgene (in contrast to the Six2-TGC allele, which drives expression in the nephron progenitors) (9, 11, 19, 23) . Thus the current data support an earlier requirement for miRNAs in the metanephric mesenchyme (which subsequently gives rise to both the renal stroma and nephron progenitors) than previously described.
In broad terms, the balance between proapoptotic and prosurvival factors determines whether a cell undergoes apoptosis or survives. Bim is a member of the Bcl-2 family of proapoptotic proteins and is thought to release the apoptotic effector proteins Bax or Bak from their interaction with prosurvival proteins such as Bcl-2 (6, 8) . While Bim null mice have been described to have structural kidney defects, loss of a single Bim allele in Bcl-2 null mice is sufficient to rescue the renal cystic phenotype, suggesting that the gene dosage of Bim is critical (2, 3, 35) . Bim is a known miRNA target of several miRNAs expressed in the developing kidney, including the miR-17ϳ92 and miR-24 (15, 20, 29, 36, 38, 40) . The loss of mmu-miR-17-5p expression in the metanephric mesenchyme of Pax3Cre
Tg ; Dicer flx/flx embryos would be expected to result in increased Bim expression. In addition, Bim is also predicted to be a target of mmu-miR-10a via TargetScan (10) . Thus the elevated Bim expression observed in the metanephric mesenchyme of Pax3Cre Tg ; Dicer flx/flx mutant kidneys is consistent with the concept that miRNAs regulate the survival of the metanephric mesenchyme by repressing Bim activity.
In summary, we demonstrate a previously undetermined requirement for miRNAs during early kidney organogenesis. Dicer ablation in the early metanephric mesenchyme results in severe renal dysgenesis despite normal initial specification of nephron progenitors and ureteric bud outgrowth. The renal dysgenesis is due to marked apoptosis that is associated with increased expression of Bim, shortly after the initial inductive events in metanephric kidney development. Taken together, our data suggest a model where miRNAs modulate the balance between survival and apoptosis in the metanephric mesenchyme by targeting the proapoptotic protein Bim.
